INTRODUCTION
============

Osteomyelitis is an infection which may be accompanied by necrosis of the bone. Even after debridement, persistence of necrotic tissue may prevent blood from circulating and antibiotics from reaching necrotic tissue. This isolation from defensive and remedial mechanism may cause the process to become chronic.[@B1] Treatment is based on eliminating the infection and maintaining ideal physiological function of the relevant area. High rates of recurrence, increased medical costs, and long duration of disability are the principal therapeutic challenges. Even though sufficient surgical intervention, appropriate antibiotic regimen, and reconstruction of tissue architecture are the mainstays of treatment, optimal outcomes cannot always be achieved.[@B2]

Contemporary management of osteomyelitis consists of long-term administration of high-dose antibiotics, along with drainage of the purulent material. However, even this regimen may not always stop acute inflammation from progressing to a chronic, ongoing process. There is still debate on the duration of antibiotic treatment and time for surgical drainage. Enhancement of the host's defense system is important to eradicate infection. Therefore, local and systemic defense mechanisms should be supported to achieve therapeutic goals.[@B2]

Ozone is an oxidizing gas which can be synthesized by ultraviolet rays and is used as a disinfectant in the food and water industries. Despite its toxic potential, ozone may also serve as a pro-drug at controlled, non-toxic doses; it can help ameliorate ischemic injury in various tissues.[@B3] Ozone exerts its beneficial effects by decreasing the levels of free oxygen radicals, inducing local migration of polymorphonuclear leukocytes, and promoting oxygen supply to injured tissues.[@B3] Ozone increases the activity of leukocytes, and these cells may not function effectively when sufficient oxygen is not present in the medium. Furthermore, long-term use of ozone increases oxygen in the blood and may diminish the likelihood of allergic reactions.[@B3]

Since ozone can eradicate pathogenic factors, it may be useful to manage the high socioeconomic burden associated with chronic infections and diseases. Ozone may stimulate growth factors, control inflammatory processes, and elicit vascularization. The prolonged and challenging treatment of osteomyelitis leads researchers to investigate new therapeutic strategies;[@B1] the purpose of the present study was to investigate the biochemical and histopathological impacts of ozone treatment in an experimental model of osteomyelitis in rats.

METHODS
=======

Experimental design
-------------------

This study was carried out in the experimental laboratory of our university after approval by the Kafkas University Animal Experimentation Ethics Committee.

The study adhered to the principles established in the National Institute of Health's Guide for the Care and Use of Laboratory Animals.

The animals were fed a standard rat chow diet, and access to water and food was allowed ad libitum. Cages were kept at a temperature of 24 ± 2 °C and humidity of 55 ± 5% in a 12 hour light & dark cycle. A total of 24 adult male Sprague-Dawley rats (3 months old, each weighing 300 to 400 g) were randomly allocated into three groups. Group I (n=8) served as a control and received no interventions or medications. In Group II (n=8), osteomyelitis was induced in the femur and no therapeutics were applied. Group III (n=8) received ozone treatment after osteomyelitis was induced in the femur.

Surgical procedure
------------------

The experimental model of osteomyelitis was induced by implanting discs containing pathogeneous *S. aureus* in the femur. These discs were prepared in the microbiology laboratory using a McFarland nephelometer, which permits the use of a solution with a known concentration of microorganisms.[@B4]

Inhaled anesthetics were administered using specially designed conical canine anesthesia masks. For all groups, sevoflurane was introduced at a rate of 2 L/min together with 100% oxygen. The oxygen flow was set at a rate of 4 L/min using the anesthesia apparatus. The concentration of sevoflurane was adjusted according to respiratory pattern and heart rate. The same sevoflurane vaporizer was utilized for all rats.

Under general anesthesia and a sterile dressing, a 3 cm skin incision was made above the right lower hind limb. After the femoral bone was exposed, a fracture was formed on the distal diaphysis. Reduction of the fracture was accomplished with the retrograde application of thin tip (80.5 mm) Kirschner wire through the medulla after access from the knee joint. Discs containing *S. aureus* were placed onto the fracture zone to create an experimental model of osteomyelitis. ([Figures 1](#f1){ref-type="fig"} and 2) The operation was finished by suturing the layers in the anatomical plane. Group III received daily intraperitoneal ozone treatment (2 ml, 30 µg) during the follow-up period of 3 weeks. Groups I and II received no therapeutic interventions. At the end of this period, blood samples were collected from tail veins, and histopathological specimen were gathered by resecting bone tissue from fracture areas where the bacteria was inoculated. ([Figures 3](#f3){ref-type="fig"} and 4).

Figure 1Inoculation of discs containing S. aureus onto femur to induce osteomyelitis.

Figure 2X-ray after inoculation with infective disc.

Figure 3Dissection of the area with osteomyelitis after the 3-week study period.

Figure 4Bone specimen obtained from the site of osteomyelitis.

Histopathological examination
-----------------------------

Bone tissue specimens were initially preserved in 10% phosphate buffered formalin before histopathological examination. These tissue samples were embedded in paraffin wax and sliced into 4 mm thick sections. All sections were stained with hematoxylin-eosin and examined under light microscopy (*Olympus BX50; Olympus Optical Co. Ltd., Tokyo, Japan*) by a blinded pathologist.

Bone tissue samples were evaluated for the presence of osteomyelitis, necrosis, and abscess formation. ([Figures 5](#f5){ref-type="fig"}-9) Inflammation was graded using a scale based on a previously described method as 0 (no changes), 1 (focal, mild changes), 2 (multifocal, intermediate changes), or 3 (extensive, prominent changes).[@B5] ^,^ [@B6]

Figure 5(A and B) Inflammation (left) and abscess cavity formations (right) (H&E X100).

Figure 6Areas of necrosis can be seen clearly in the specimen (H&E X 200).

Figure 7Mild degree of inflammation (H&E X 200).

Figure 8Moderate degree of inflammation (H&E X 100).

Figure 9(A and B) Areas demonstrating severe inflammation (H&E X 200).

Serum studies
-------------

### Total antioxidant capacity (TAC)

Total antioxidant capacity was measured using an autoanalyzer machine (*Selectera XL, Holland*) and commercially available kits based on the colorimetric method.[@B7]

### Protein carbonyl content (PCO)

A spectrophotometric method was utilized to evaluate PCO, as described in the relevant literature.[@B8] PCO reacts with 2,4-dinitrophenylhydrazine (DNPH) to generate chromophoric dinitrophenylhydrazones. A 0.5 ml (1-2 mg) sample was added to an equal volume of 10 mM DNPH in 2N HCl and incubated for 1 hour. After shaking the mixture intermittently at room temperature, a corresponding blank was formed by adding only 2 N HCl to the sample. After incubation, the mixture was precipitated with 10% trichloroacetic acid and centrifuged. The precipitate was washed twice with ethanol:ethyl acetate (1:1) and finally dissolved in 1 ml of 6 M guanidine HCl, centrifuged at low speed, and the supernatant was read at 366 nm. The difference in absorbance between the DNPH-treated and HCl-treated samples was determined and expressed as nmoles of carbonyl groups per mg of protein, using the molar extinction coefficient of DNPH, e = 22.000 mM^-1^cm^-1^.[@B8]

### Lactate dehydrogenase (LDH) level

The level of LDH was assayed spectrophotometrically by standard procedures using an automated analyzer (OpeRA, Bayer, USA).[@B9]

### Outcome parameters

Three experimental groups were compared for three biochemical parameters and four histopathological variables. The biochemical parameters consisted of serum levels of TAC, PCO, and LDH, and the histopathological variables were osteomyelitis, inflammation, necrosis, and abscess formation. The existence and degree of inflammation was scaled as none, mild, moderate or severe. The presence of osteomyelitis, necrosis, and abscess formation was also noted.

Statistical analysis
--------------------

The data were analyzed using IBM Statistical Package for Social Sciences Statistics 20 software (*SPSS Inc., Chicago, IL, USA*). Normal distribution of biochemical variables was assessed with the Lilliefors corrected Kolmogorov-Smirnov test. Serum levels of TAC and PCO displayed normal distribution, and comparison of their levels between groups was performed using ANOVA (post-hoc Bonferroni test). Kruskal-Wallis variance analysis (post-hoc Mann-Whitney U test, with a revised p-value for statistical significance) was used to evaluate serum LDH levels (Mann-Whitney U test was based on a new p-value of 0.05/3=0.016 for LDH levels). The chi-square test was used to analyze the qualitative data. The level of significance was p\<0.05 for all variables except for serum LDH levels.

RESULTS
=======

Serum levels of TAC, PCO and LDH are shown in [Table 1](#t1){ref-type="table"}. TAC was notably different between groups (p\<0.001), while no remarkable difference was seen in PCO (p=0.273). TAC differed between Groups I and II (p\<0.001) and Groups I and III (p=0.001). On the other hand, TAC in Groups II and III did not differ significantly (p=0.372). PCO content did not differ between Groups I and II (p=0.393), Groups I and III (p=1.000), or Groups II and III (p=0.668).

VariableGroupp-valueIIIIIITAC3.57±0.391.47±0.712.03±0.91\<0.001\*PCO68.36±0.4777.49±18.1170.19±4.630.273LDH1067.25±68.341732.00±49.831553.38±211.620.002\*[^3]

There was a noteworthy difference between serum LDH levels in all three groups (p=0.002), between Groups I and II (p=0.010), and between Groups I and III (p\<0.001). On the other hand, Group II and Group III had similar serum LDH levels (p=0.161).

The chi-square test was used to analyze the histopathological parameters; the results are shown in [Table 2](#t2){ref-type="table"}. Statistically significant differences were seen between all three groups (p\<0.05) for the frequency of osteomyelitis (p=0.008), inflammation (p=0.001), necrosis (p=0.022), and abscess formation (p=0.022). Since expected values below 5 were seen in more than 20% of the cells in the tables, interpretations can reliably be made on a descriptive basis. Conclusions can be more accurately drawn for data presented in multicellular tables, such as degree of inflammation.

GroupVariablesOsteomyelitisInflammationNecrosisAbscess-+NoneMildModerateSevere-+-+I8 (100%)080008 (100%)08 (100%)0II2 (25%)6 (75%)004 (50%)4 (50%)3 (37.5%)5 (62.5%)3 (37.5%)5 (62.5%)III5 (62.5%)3 (37.5%)3 (37.5%)04 (50%)1 (12.5%)6 (75%)2 (25%)6 (75%)2 (25%)p-value0.008\*0.001\*0.022\*0.022\*[^4]

DISCUSSION
==========

The current trial assessed the biochemical and histopathological impacts of ozone treatment in an experimental model of osteomyelitis in rats. Our results indicated that ozone treatment may enhance and improve TAC against osteomyelitis. It may consequently attenuate the deleterious effects of oxidative stress, and therefore may be a promising alternative for treating osteomyelitis. Further clinical and experimental trials are needed to clarify the role of oxidative stress in developing osteomyelitis, determine the efficacy of ozone treatment, and establish guidelines.

The beneficial effects of ozone treatment for osteomyelitis may involve several mechanisms: direct antibacterial and antiseptic impacts, improved tissue perfusion and oxygenation, and anti-inflammatory effects together with promotion of wound healing.[@B1]

Administering ozone treatment after osteomyelitis seems to ameliorate unfavorable histopathological alterations such as necrosis, abscess formation, inflammation, and osteomyelitis. The lack of difference in PCO levels between the groups serves as a reminder that oxidative stress injury may occur by a different mechanism in osteomyelitis. The beneficial impacts of ozone in osteomyelitis may be associated with activation of antioxidant mechanisms.[@B10] A multidisciplinary approach may provide a more effective option for managing the complex biochemical and histopathological outcomes of osteomyelitis. Ozone treatment may affect different steps of the pathophysiological reactions involved in osteomyelitis. Dose, duration, and timing of ozone treatment may have important clinical implications for its use against osteomyelitis.

Some authors have suggested that oxidative stress can be reduced by enhancing local antioxidant systems and increasing endogenous capacity for reactive oxygen species (ROS) scavenging.[@B11]

Ozone treatment has distinct features and remarkable potential for treating various conditions in medical practice. Ozone has antimicrobial, immunomodulatory, anti-inflammatory, anti-hypoxic and hemostatic activities. These beneficial effects may be utilized to overcome the chronic refractory course of osteomyelitis and eliminate the resistance of the disease to conventional treatment. In the medical literature, hyperbaric oxygen treatment has been shown to improve the host response by creating a more favorable microenvironment for leukocyte activity, neovascularization, and resorption of sequestrum.[@B2] Our preliminary results demonstrated that ozone treatment might provide similar favorable therapeutic outcomes by reducing inflammation, necrosis and abscess formation.

Mader et al.[@B12] have shown that hyperbaric oxygen alone was as effective as antibiotics in treating experimental *Staphylococcus aureus* osteomyelitis. On the other hand, the best results were achieved by combined use of hyperbaric oxygen and antibiotics.

To the best of our knowledge, the current study is the first experimental trial to evaluate the biochemical and histopathological impacts of ozone treatment in osteomyelitis. The search for the ideal preventive regimen must focus on investigating the effectiveness, safety, and optimization of combination treatment protocols. Our findings consequently may provide novel insights about preventive and therapeutic alternatives to treat osteomyelitis.

The limitations of the present study involve the experimental design, the complexity of counteracting oxidants and antioxidant substances in biological systems, and the lack of standardization for histopathologic data. On the other hand, simultaneous assessment of biochemical and histopathologic markers constitute an important strength of our study.

CONCLUSION
==========

Our results demonstrated that ozone treatment may alleviate the deleterious biochemical and histopathological effects of osteomyelitis by enhancing antioxidant mechanisms and decreasing oxidative stress. Even though ozone treatment yielded promising results for osteomyelitis, the need for surgical debridement and antibiotic treatment should not be ignored. Ozone treatment must instead be considered a useful and effective adjunct to conventional treatment in selected cases. Further experimental and clinical trials are needed to clarify and confirm these preventive effects, understand the underlying pathophysiology, and establish guidelines.
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